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Cobalt and desferrioxamine reveal crucial members of the oxygen
sensing pathway in HepG2 cells. Cobalt and desferrioxaminc, like hyp-
oxia, stimulate the production of erythropoietin in HcpG2 cells. It is
believed that cobalt as well as desferrioxamine interact with the central
iron atom of heme proteins by changing their redox state similar to
hypoxia. A subsequent decrease of the intracellular H202 levels under
hypoxia was presumed to be the key event for stimulating erythropoietin
production. We therefore investigated whether cobalt and desferrioxam-
inc control the intracellular H,02 levels that regulate gene expression by
interacting with hemeproteins. Deconvolution of light absorption spectra
revealed respiratory heme proteins such as cytochrome c, h553 and
cytochrome aa3, as well as cytoehrome b555, which is a nonrespiratory
heme protein found in HepG2 cells. Whereas respiratory heme proteins
are located in mitochondria, cytochrome b8 similar to thc one described
for the neutrophil NADPH oxidase can be visualized in the cell membrane
of HepO2 cells by immunohistochemistry. Incubation with cobalt (100
/kM/24 hr) interacts predominantly with cytochrome b55 and cytochrome
b563. The interaction of cobalt with the respiratory chain results in an
increased oxygen consumption of HepG2 cells as revealed by P02
microelectrode measurements. Desferrioxamine (130 M/24 hr), however,
has no influence on the cytochromes. In response to an external applica-
tion of NADH (1 mM), the membrane bound cytochrome h555 produces
two times more 02 than to the external NADPH (1 mM) application.
Neither desferrioxamine nor cobalt has any influence on the NADH
stimulated 02 generation. Incubation with cobalt or with desferrioxam-
me, however, leads to a decrease of the intracellular H,02 level as
revealed by the dihydrorhodamine 123 technique, perhaps causing the
well-known enhanced erythropoietin production. The cobalt-induced
H202 decrease seems to be caused by an increased activity of the
glutathion peroxidase that is also induced under hypoxia. Desferrioxam-
mc, however, leads to an apparent H,02 decrease only because it seems to
inhibit the iron catalyzed reaction of H202 with dihydrorhodaminc 123,
hinting at the occurrence of the Fenton reaction in HepG2 cells. There-
fore, it must be determined whether or not degradation products of H202
by the Fenton reaction suppress crythropoietin production under nor-
moxia.
Erythropoietin (Epo), a 34 kDa glycoprotein that stimulates
erythropoiesis, is synthesized under hypoxie conditions in kidney
and liver cells [reviewed in 1]. The molecular biology of the
oxygen sensing mechanism underlying this hypoxia mediated
process has been intensively investigated for the hepatoma cell
line HepG2. The involvement of a specialized heme protein as an
oxygen sensor has been suggested, since cobalt (CoCl2) as well as
desferrioxamine (DFO), like hypoxia, stimulate the Epo produc-
tion presumably by replacing or chelating the central iron of the
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heme [21. By photometry and Western blot analysis of HepG2
cells, Görlach et al [3] identified a nonrespiratory cytoehrome b555
additionally to the cytochromes of the respiratory chain. This
cytochrome is probably comparable to the one of the NADPH
oxidase of neutrophils and is a possible candidate for the heme
protein of the oxygen sensor. It was proposed that H202 produced
by this oxidase in dependence on P02 acts as second messenger
controlling the activity of the Epo gene by variations of the redox
state of the cell. Light absorption spectrophotometry, P02 mea-
surements, immunohistochemistry, detection of cellular 02 and
H202 production, as well as determination of glutathione perox-
idase activity were used in the present study to reveal the
interaction of cobalt and desferrioxamine with the oxygen sensing
pathway. Herein we show that cobalt presumably mimics the
hypoxic Epo response in HepG2 cells by activating glutathione
peroxidase, whereas desferrioxamine interferes with the iron
mediated degradation of H202 as described by the Fenton
reaction [I. Both substances lead to a decrease of the intracellu-
lar level of H202 or other reactive oxygen species, which appears
to be critical to activate transcription factors for stimulating Epo
production under hypoxia as well [5].
Methods
Tissue culture
HepG2 cells (ATCC HB 8065) were cultivated in monolayer
and spheroid tissue culture as described by Görlach et at [31 in
Dulbecco's modified Eagle's medium supplemented with 10%
fetal calf serum, penicillin (100 U/mI) and streptomycin (100
jxg/ml; Gibco, Eggenstein-Leopoldshafen, Germany) at 37°C in an
incubator containing humid air with 5% CO2 (Stericult 200,
Labotect, Gottingen, Germany). Spheroid cultures were started
with 2.5 X io cells in 130 ml medium in agarose treated petri
dishes (Gibco) and after reaching a diameter of 150 jim spheroids
were further cultured in silicone treated cylindrical spinner flasks
(11 cm diameter and 24 cm high) with a spin rate of 40 rpm
containing 250 ml of medium that was replenished twice a week.
Light absorption photomet'y
Spheroids were located in a superfusion chamber on a small
bench with little holes of the same diameter as the sphcroids. The
superfusion chamber was described in detail elsewhere [3], there-
fore only a brief description is given below. Isotonic salt solution
(Locke's solution) containing glucose (5 mM) was equilibrated
with different 02/C0, mixtures in order to adjust oxygen tension
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to various levels at pH 7.42. The flow rate through the chamber
was 10 ml per minute. Spheroids were supplied symmetrically with
nutrients by this procedure. The temperature was maintained at
36°C. Oxygen tension, pH and temperature in the Locke's solu-
tion can he controlled by corresponding probes. The superfusion
chamber was mounted on the stage of a light microscope (Olym-
pus, Hamburg, Germany) for light absorption measurements.
Light from a halogen lamp (12 V, 100 W) transilluminated the
spheroid only, since the bench was made opaque by spattering
with gold to avoid uncharacteristic light scattering. Light from the
condensor was guided by the spheroid tissue to the objective and
recorded by a photodiode-array spectrophotometer (MCS 210;
Zeiss, Köln, Germany) connected to the third ocular of the
microscope trinocular head via a light guide. Difference spectra
have been recorded by taking 20% 02, 3% CO2 and 77% N2
equilibrating conditions in the superfusion medium as reference
(aerobic steady state), which was automatically subtracted from
the spectra under reducing conditions by equilibrating with 3%
CO2 and 97% N2. The recorded difference spectra were evalu-
ated, deconvoluted and visualized using the software package,
TechPlot (Dr. Dittrich, Braunschweig, Germany).
P02 measurements
The electrodes used for polarographic P02 measurements in
the HepG2 spheroids were single-channel electrodes with a tip
diameter of between 2 and 4 xm, and were filled electrolytically
with gold giving a recess of I to 3 xm at the electrode top [61. For
calibration, P02 microelectrodes were introduced into the me-
dium flowing through the above described superfusion chamber
by means of a step-driven micromanipulator (Nanostepper, NS
1010; WPI, Frankfurt, Germany). The P02 in the medium was
then changed by equilibrating the medium with different gas
mixtures containing 0%, 10% or 20% 02 in 5% C02; the
remaining gas was N2. Calibration curves were constructed from
the polarographic reduction current of the electrode and the
different P02 values in the medium before and after each
measurement. Only results from stable electrodes were consid-
ered. The P02 microelectrode was positioned on the upper side of
the spheroids with a deviation of 15° from the vertical axis for
tissue P02 measurements with the aid of two independent optical
systems. The electrode was moved stepwise by the micromanipu-
lator towards the centre of the spheroid on a radial trace.
Oxygen consumption (V02, expressed as ml of 02 per 100 g wet
wt of tissue per mm) was calculated from the measured P02
profile inside the HepG2 spheroids [6, 7] by adapting Henry's law:
P02(r) = P02(s) — V02 (6Da)1 (R2 r2)
where P02(r) is P02 at r, P02(s) is P02 at the surface, D is the
oxygen diffusion coefficient for tumor tissue [8], a represents
oxygen solubility coefficient for tumor tissue [8], R is the radius of
the spheroid, and r is the distance to the center.
Immunohistochernistiy
Spheroids were fixed in 4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.4, One half jxm cryosections were cut with an
FC4 supplemented Ultracut E (Leica, Bensheim, Germany),
blocked for one hour with 10% normal swine serum in PBS, and
incubated overnight with an antiserum raised in rabbit against the
a-subunit of cytochrome b555 isolated from human neutrophil
granulocytes (code a, diluted 1:400, supplied by Dres. A.W. Segal
and F. Wientjes, London, UK). Tissue-bond antibody was then
visualized by two subsequent incubations of one hour each with
biotinylated anti-rabbit IgG from donkey (1:50) and streptavidin-
Texas red (1:80; both from Amersham Buehler, Braunschweig,
Germany), the sections were coverslipped in carbonate-buffered
glycerol, pH 8.6, and evaluated with an epifluorescence micro-
scope (Axioplan; Zeiss). The primary antiserum has been charac-
terized in its use for immunohistochemistry in an earlier paper [9].
Preabsorption of antiserum with crude extract from human neu-
trophil membranes entirely prevented immunolaheling.
Radical oxygen species formation
Effects of extracellular NADH on the 02 production of
HepG2 cells were determined by reduction of cytoehrome c
(Sigma, Deisendorf, Germany) measured at 550 nm as described
by Meier et al [10]. Briefly, HepG2 cells were seeded in 96
multi-well culture plates (Falcon; Becton Dickinson, Heidelberg,
Germany) containing I ml medium. Concentrations of 5 x iO
cells/well were applied. After poisioning the respiratory chain with
rotenon (50 ELM) cells were washed with PBS buffer and incubated
with cytochrome c (50 /xM) dissolved in potassium phosphate
buffer (50 mst, pH 7.2) supplemented with NaCl (150 mM), MgCl2
(1 mM), CaCl2 (0.6 mM) and glucose (10 mM) at 37°C. The
reduction of cytochrome c in each well was measured every five
minutes using an ELISA reader (SLP, Salzburg, Austria). For
measuring intracellular H202 levels HepG2 cells in 96 multi-well
culture plates were stained with dihydrorhodamine 123 at a
concentration of 25 LM (Molecular Probes, Eugene, OR, USA)
for half an hour [3]. The nonfluorescent dihydrorhodamine 123 is
converted inside HepG2 cells to fluorescent rhodamine 123 in a
reaction with H202 mediated by iron [ii]. Intracellular fluores-
cence intensity was measured after careful washing with PBS in
each well after 30 minutes using a multiwell scanning fluorescence
photometer (Titertek, Fluoreskan II; Flow, Meckenheim, Ger-
many).
Confocal laser microscopy
For three dimensional visualization of the H202 distribution
inside HepG2 cells experiments were performed using a commer-
cial confocal laser scanning microscope (MRC 600; Bio-Rad Inc.,
Hempel Hempstead, UK) attached to an inverted microscope
(1CM 405; Zeiss) having a 60x objective (CF N Plan Apochro-
mat; Nikon GmbH, Düsseldorf, Germany) with coverslip correc-
tion, a numerical aperture of 1.20, and a working distance of 220
microns. Adjustment of the cover glass correction collar is critical
and the thickness of the individual cover glass was measured.
Distilled water was used as the immersion medium. A special
chamber was constructed to make full use of the water immersion
objectives. The covcrslip was stuck on a glass tube of an appro-
priate size for a one time use. The glass tube could then be gently
introduced into the chamber, which allows supcrfusion of the
cells. The optical sections were recorded with the SOM software
of Bio-Rad and stored in the native PlC file format (Version 2.0).
Thirty-nine to 42 optical sections with a resolution of 192 X 256
per channel have been recorded with a step size of 1 micron.
Typically two pictures were averaged to minimize bleaching of the
specimen. The volume elements producing H702 were stained
with dihydrorhodamine 123 (50 jxM). Due to this specific staining
the limits of the cell could not be detected. To visualize the H202
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production along with the extends of the cell, a second dye was
used showing minimal cross talk with the H202 labeling. Here we
used SNARF calcein at a concentration of 50 tIM (Molecular
Probes) for the detection of the cell extends. The two dyes,
rhodamine 123 and SNARF calcein, were excited with the 488 nm
line of an Ar ion laser (Omnichrome; Laser 2000, Wessling,
Germany), and the fluorescence detected using a band pass filters
of 570 nm and 640 nm, respectively. By using this indicator,
tandem cross talk was minimized as far as the H202 imaging was
concerned. Within the focal plane of the microscope the power of
the 488 nm line was reduced below 1 mW. The pinhole was
adjusted to 1.9 mm. The photo multiplier gain was optimized for
the individual channels. An electronic zoom of 1.5 to 2 was used.
The sequential 8 bit Bio-Rad PlC files were transferred to a
UNIX-based work station cluster via an ethernet for image
processing and data visualization. The processed data sets as well
as the real coordinate extents, calculated using the physical
characterization of the settings [12], were stored in the AVS field
file format (Application Visualization System, Waltham, MA,
USA) for processing on the SPARC 10 or INDY (Silicon Graph-
ics Inc., Mountain View, CA, USA) equipped with 192 MB of
RAM. We developed programs on the basis of AVS in order to
perform the data visualization.
Measurement of glutathione peroxidase activity
Glutathione peroxidase activty was assayed according to Konz
[13] using 0.17 mi H202 in 1 ml assay solution. The assay solution
contained 50 m potassium phosphat buffer (pH 7.0), 1 mrvi
EDTA, 1 mvi NaN5, 1 mcvi GSH, 0.25 mi NAD(P)H, I U/mi
glutathion reductase and 250 jxl sample solution. About 150
HepG2 spheroids after exposure to hypoxia (2% 02/19 hr) or to
CoC12 (50 tM/19 hr) in each experiment were sonicated in
potassium phosphate buffer for 10 cycles at 50 W with a Branson
Soniprobe (Heinemanri, Schwäbisch-Gemiind, Germany), with 30
seconds of cooling in an ice/water bath between the cycles. The
homogenate was centrifuged at 50,000 rpm for 30 minutes and the
supernatant was taken for the assay. After a 10 minute preincu-
bation at 37°C the reaction was started with addition of H202. The
value for a blank reaction with the enzyme source replaced by
buffer was substracted for each assay. The rate of reaction was
recorded at room temperature following the decrease in absor-
bance of NAD(P)H at 334 nm (DU62; Beckmann, München,
Germany). Specific activity was expressed as U/mg protein, each
unit (U) representing the oxidation of 1 /.LM of NAD(P)H per
minute. Protein was assayed according to Lowry et al [14].
Statistical analysis
Data are presented as mean sos. For statistical analyses the
Student's t-test was performed. Differences were considered sig-
nificant when the P value was  0.05.
Results
Absorptionphotometty of cytochromes
Figure 1 shows N2 versus the aerobic steady state difference
spectra (solide line) of HepG2 spheroids under control conditions
(Fig. 1A), after treatment with 100 JIM cobalt chloride for 24
hours (Fig. 1B), and after treatment with 130 JIM desferrioxamine
for 24 hours (Fig. IC). Two light absorption peaks with a band
maximum at 550 and 603 nm as well as a broader shoulder
between 558 and 563 nm are evident. Since these spectra
are composed of different respiratory and nonrespiratory
cytochromes, differences in the spectra of various isolated cyto-
chromes [15—17] were used to identifiy the peaks and the shoul-
der, as well as to fit the experimental curve by a superposition
curve (filled circles). The curves in Figure 1 A-C either dotted or
shadowed correspond to redox difference spectra of the isolated
respiratory cytochromes c peaking at 550 nm, b563 peaking at 563
nm and aa3 peaking at 605 nm, as well as to the nonrespiratory
cytochrome b558 peaking at 558 nm as described for the NADPH
oxidase in neutrophils [18]. The degree in the optical density of
the spectra of the isolated cytochromes was varied to fit the
experimental curve (solid line) by a superposition curve (filled
circle). The peaks at 550 and 603 nm can be related very clearly to
cytochrome c and ax5. The shoulder seems to be composed of
cytochrome b563 and b558. This deconvolution helps to relate the
different cytochromes in a qualitative manner. As indicated in
Figure 1D, cytochrome c, b558, b565 and aa3 are related under
control conditions as 1:0.05:0.33:0.99. Furthermore, this deconvo-
lution procedure yielded a relationship of the cytochromes de-
duced from N2 versus aerobic steady-state difference in spectra
after 24 hours of treatment with 100 JIM cobalt (data from
Gorlach et al [19]) of 1:0.16:0.45:0.91, and from N2 versus aerobic
steady-state difference in spectra after 24 hours of treatment with
130 JIM desferrioxamine of 1:0.04:0.3:0.98. Treatment with cobalt,
therefore, seems to interact predominantly with cytochrome b558
and b,5. Treatment with desferrioxaminie, in contrast, has no
influence on the deconvolution data as compared to the control
values.
PD2 gradients and oxygen consumption
Measurements of PU2 gradients by microelectrodes in HepG2
spheroids as described by Görlach et al [3] have been used to
assess whether the deconvolution data of Figure lB hint at an
influence of cobalt on the activity state of respiratory and nonres-
piratory cytochromes that was corroborated by changes in the
oxygen consumption rate. Spheroids (diameter 730 11 jim, N =
11) treated with 100 jIM cobalt for 24 hours had significantly
steeper P02 gradients than the control spheroids (diameter 730
10 jim, N = 11). The lowest central P02 value in control spheroids
amounted to 25 4 mm Hg, and in cobalt treated spheroids it was
significantly lower to 3 2 mm Hg (P  0.0002). Calculated from
these values oxygen consumption in control spheroids was 0.89 ml
02/100 g mm and in cobalt treated sphcroids, I ml 02/100 g mm.
Localization of cytochrome h558
Immunohistochemistry has been used to localize cytochrome
b558, which in HepG2 cells has been described to have some
similarities with the one of the neutrophil NADPH oxidase [3, 19].
Immunofluorescence performed at 0.5 jim thick cryosections
revealed a punctuated distribution of cytochrome b558 immuno-
reactivity along the plasma membrane (Fig. 2). Individual immu-
noreactive spots were about 0.5 jim in size and appeared to be
irregularly spaced along the cell surface. Intracellular immunore-
active sites were restricted to some granules of less than 1 jim in
size, while a homogenous cytoplasmatic fluorescence could not be
observed. The nuclear membrane was devoid of immunoreactivity
(Fig. 2).
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Fig. 1. N2 versus aerobic steady-state difference in spectra of HepG2 spheroids under control conditions (A), after treatment with CoCI2 (B, 100 pM/24 hr)
or with desferrioxamine (c, 130 /SM/24 hr). The wavelength of the light is given on the x axis in nanometers (nm) and the change in optical densities on
the y axis in arbitrary units (au). The experimental curve is shown as a continuous line. The superimposed curve (filled dots) that fits the experimental
curve is calculated from the redox spectra of isolated cytchromes shown as dotted or shadowed curves. D. The relationship of the different cytochromes
under control conditions and alter treatment with cobalt and desferrioxamine. N is the number of spheroids.
Reactive oxygen species
Figure 3 shows the increase of 02 production over time upon
extracellular stimulation of HepG2 cells with 1 mivi NADH or
NADPH. NADH is about two times more effective than NADPIT
to stimulate 02 production. Neither cobalt (100 M/24 hr) nor
desferrioxamine (130 pM/24 hr) nor rotenone (50 jxM/10 mm) has
any significant influence on the NADH stimulated 02 produc-
tion. l)ihydrorhodaminc 123 was used to detect intracellular
1I7O2 as it was already described for HepG2 cells by GOrlach et al
[3, 191. Dihydrorhodamine 123 is a nonfluorescerit agent and it is
well established that the reaction with H702 is rather slow under
ambient conditions. It has been shown that the addition of iron
compounds yields a fast oxidation of dihydrorhodamine 123 to
rhodamine 123, a fluorescent indicator [11]. This suggests the
involvement of the Fenton reaction [41 in the activation process of
dihydrorhodamine 123. A Fenton reaction oxidation involves
several steps with well characterized kinetics. One important
intermediate is the hydroxyl radical (OH), which has been
detected by several spectroscopical methods [4j. In Figure 4 the
chemical structure of dihydrorhodamine 123 is shown along with
the one of the oxidized compound. The catalytic decomposition of
'2°2 by the Fenton reaction yields OH, a highly reactive species
that has an estimated free mean path length in the order of a few
Angstroms. We propose the following reaction mechanism for the
conversion of nonfluorescent dihydrorhodamine 123 to rhoda-
mine 123: the reaction of the OIf with dihydrorhodamine 123
under production of water yields a tertiary free radical that is
known to be rather stable. The radical is able to give a rearrange-
ment of the r system, outlined by arrows on the bottom right hand
side of Figure 4. The electron in excess can either be abstracted by
another 0H yielding an hydroxyl anion (OH ) or by hydrogen
peroxide under additional production of OH. The later reaction
pathway would be the starting point for a new cascade.
The localization of the Fenton reaction-mediated conversion of
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Discussion
Fig. 2. Immunhistochemical demonstration of the cytochrom b158 a subunit
in the cell membrane (arrows) of HepG2 cells grown in multicellular spheroid
culture. The bar represents 10 .tm.
dihydrorhodamine 123 to fluorescent rhodamine 123 indicating
H202 in HepG2 cells is shown in Figure 5. The outer cell borders
as measured with the fluorescent dye SNARF calcein are indi-
cated by isolines, whereas the catalyzed rhodamine 123 fluores-
cence as shown in Figure 5 A-D dominates in red or yellow colors
by its patchy cytosolic distribution close to the cell nucleus. Figure
5 A and B as well as C and D are views of two different cells from
different angles. Direct incubation with rhodamine 123, however,
results in a more homogeneous distribution inside the cytosol, as
shown in Figure 5 E and F, comprising two adjacent cells.
Figure 6 reveals a statistical analysis of H202 levels as indicated
by the Fenton reaction-mediated conversion of dihydrorhodamine
123 to fluorescent rhodamine 123 after treatments of HepG2 cells
with cobalt (100 I.rM/24 hr) or desferrioxamine (130 /.LM/24 hr).
Both treatments lead to a decrease of the intracellular H202 level.
Additionally, the importance of respiratory cytochromes has been
checked for their efficacy to influence intracellular H202 levels.
Inhibition of the respiratory chain by rotenon (50 /.LM/10 mm) in
HepG2 cells resulted in a significant decrease of the intracellular
H202 level to 60% (P  0.0001, data not shown), whereas
uncoupling of the respiratory chain by dinitrophcnol (250 /.LM/l
hr) gave no change of the intracellular H202 level as compared to
control (data not shown). The H202 level, furthermore, seems to
be effectively controlled by antioxidant thiol groups of the cell. As
shown in the insert of Figure 6, increasing amounts of N-
acetylcysteine (NAC), which is known to increase the cysteine
level in cells [20], leads to a gradual decrease of the intracellular
Il202 level.
Glutathione peroxidase
Glutathione peroxidase, one of the main H202 scavenging
enzymes, is influenced by cobalt. Figure 7 shows that both hypoxia
(2% 02/19 hr) as well as cobalt (50 LM/19 hr) significantly
increased the activity of the glutathione peroxidase. Eight exper-
iments were carried out, each comprising about 150 HepG2
spheroids.
The deconvolution of the N2 versus aerobic steady-state difference
in spectra as shown in Figure 1 clearly confirm the dominance of
mitochondrial cytoehromes, but also shows the importance of the
cytochrome b558 to fit these spectra. The deconvolution permitted
the different cytochromes to relate in a qualitative manner due to
their degree in optical density change. This relationship changed
after cobalt incubation, indicating an activating effect of cobalt on
cytochrome b565 and cytochrome b558. This effect might be
explained by cobalt replacing the central iron atom of the
respective cytochrome. The activating influence of cobalt on the
respiratory cytochrome b could be confirmed by the increased
oxygen consumption rate under these conditions. The change of
cytochrome b558 after cobalt exposure, however, had no measur-
able influence on NADH-stimulated °2 production.
The cytochrome b558 a subunit as well as cytosolic activating
factors as described for the neutrophil granulocyte NADPH
oxidase have previously been identified in HepG2 cells by means
of photometry and Western blotting [3]. The present immunohis-
tochemical findings (Fig. 2) demonstrate a plasma membrane
localization for the small cytochrome b58 a subunit, which is in
accordance to the neutrophil granulocyte as evidenced by subcel-
lular fractionation [211 and immunohistochemistry [22]. A dual
localization of cytochrome b/NADPH oxidase activity was de-
scribed in neutrophils with most of the activity recovered from the
specific granules, whereas only a small fraction was retained in the
plasma membrane. In contrast, cytochrome b558 in maerophages
localized primarily in the plasma membrane fraction [23]. The
inhomogeneous distribution of cytochrome b558 immunoreactivity
in HepG2 cells was striking. Membrane heterogeneities [24] and
a lateral organization of the NADPH oxidase complex could be
observed in stimulated neutrophils [25].
The NAD(P)H oxidase of HepG2 cells seems to possess
extracellular binding sites with higher affinity for NADH than for
NADPH, as revealed by the enhanced 02 formation shown in
Figure 3. This formation is independent of the respiratory chain as
rotenone treatment has no influence. Neither cobalt nor desfer-
rioxamine could significantly influence the NADH-stimulated
02 formation. This NAD(P)H oxidase complex, which was
proposed to be a candidate for the primary oxygen sensor [3],
might be termed according to the Bastian and Hibbs [18] low
output form with respect to the rate of H202 production. This is
in contrast to the stimulus-dependent respiratory burst-like activ-
ity of the high output oxidase in leukocyte defense mechanisms
having an —95% higher production rate, rather than the low
output form [26]. The crucial level of oxygen that is sensed by the
cell should depend on the oxygen affinity of the cellular heme
proteins, making the NADPH oxidase with a half maximal P02 of
about 7 torr an ideal candidate for the primary sensor [27, 28].
This model was questioned by Wenger et al [29], who showed that
an unimpaired oxygen sensing mechanism of P22phox and gp9l
deficient B lymphocytes of chronic granulomatous disease pa-
tients was unable to generate respiratory burst activity. Therefore,
a detailed molecular biological study of the low and high output
forms of the NADPH oxidase needs to be carried out in future
experiments. An enhanced 02 formation in the presence of
NADPH and NADH that cannot penetrate cell membranes was
described for human fibroblasts, also suggesting in this cell type
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H202 level in HepG2 cells, whereas uncoupling of the respiratory
chain by dinitrophenole has no effect. The activating effect of
cobalt on cytochrome b563, presumably enhancing the electron
flux similar to dinitrophenol through the mitochondrial chain as
indicated by the enhanced oxygen consumption, therefore ex-
cludes respiratory cytochromes. Also, the participation of nonres-
piratory cytochrome b558 seems to be unlikely, since the NADH-
stimulated °2 production remains unchanged under cobalt
conditions. Instead the increased activity of the glutathione
peroxidase seems to be reponsible for the decrease of the
intracellular H202 level (Fig. 7). An increased glutathione perox-
idase activity due to cobalt exposure was found in the rat
myocardium [31] and was due to hypoxia in the rat lung [32]. The
enzyme exists as a homotetramer, with each 22 kDa subunit
containing a selenium atom incorporated within a catalytically-
active selenocysteine residue [33] perhaps interacting with the
redox state of the cell. Deprivation of the cellular iron by
desferrioxamine, however, leads to an apparent decreased H202
level only, since the assumed Fenton reaction is lacking to catalyze
the transformation of dihydrorhodamine 123 to fluorescent rho-
damine 123. Since desferrioxamine stimulates erythropoietin pro-
duction, whether or not degradation products of H202 by the
Fenton reaction suppress erythropoietin production under nor-
moxia needs to be investigated. H202 levels in HepG2 cells play a
crucial role in the regulation of the erythropoietin gene, as shown
by Fandrey, Frede and Jelkmann [5] describing declining intra-
cellular H202 levels and an enhanced Epo production under
hypoxia in HepG2 cells. H202 is an inert reaction partner hinting
at the possible importance of the degradation products of H202
either mediated by the different scavenging systems like glutathi-
one, thioredoxin and catalase, or the Fenton reaction [34]. 0H
produced by the Fenton reaction seems to be one of the candi-
dates in spite of having a extremely short diffusion distance of a
few Angstroms [35]. However, three dimensional visualization of
the dihydrorhodamine 123 reaction product, that is, rhodamine
123 (Fig. 5), suggests that the Fenton reaction occurs at distinct
intracellular places in HepG2 cells close to the cell nucleus. These
Fig. 4. Proposed chemical conversion of colorless dihydrorhodamine 123 to
fluorescent rhodamine 123 in reaction with H202 mediated by •OH. A
detailed description is given in the Results Section.
that an isoform of the NADPH oxidase is a likely source for
oxygen radicals [101. In addition, mesangial cells possessing an
isoform of the NADPH oxidase increase the generation of
superoxide anion and concomitantly gene expression of the
monocyte colony-stimulating factor and the monocyte chemoat-
tractant protein in response to an extracellular NAD(P)H appli-
cation [30].
The decrease of the intracellular H202 level under cobalt
exposure seems not to be mediated by the investigated respiratory
and nonrespiratory cytochromes. Blocking complex 1 of the
respiratory chain by rotenone clearly decreases the intracellular
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Fig. 5. A—D. Three dimensional reconstruction of the local conversion of dihydrorhodamine 123 to fluorescent rhodamine 123 indicating a local Fenton reaction
degrading H202 close to the cell nucleus visualized in two different HepG2 cells from two different angles (A—B, C—D). E, F. Distribution of rhodamine 123
fluorescence in the cytoplasm of two adjacent HepG2 cells visualized from two different angles. The outer cell dimensions are indicated by isolines. The
dimensions of the x, y, z axis are given in jm. Reproduction of this figure in color is made possible by a grant from Rentschler GmbH, Laupheim, Germany.
places do not nessecarily coincide with mitochondria, since stain-
ing with fluorescent rhodamine 123 directly shows a more homo-
geneous intracellular distribution. Rhodamine 123 is taken up
selectively by mitochondria and the uptake is dependent on the
mitochondrial membrane potential. Its fluorescence is then
quenched by the potential and so increases with mitochondrial
depolarization [36, 37j. We hypothesize that the local Fenton
reaction occurs at a distinct Fe-S cluster, which might be linked to
transcription factors as described for the aconitase regulating the
half life of ferritin and transferrin receptor mRNA as an iron-
responsive binding protein [38], On the other hand, scavenging
H202 by glutathione, thioredoxin or catalase might influence the
general redox state of the cell and thereby protein folding, which
has consequences for the DNA binding domain of several tran-
scription factors [34].
We conclude that neither cobalt nor desferrioxamine, according
to the present results, reveal the primary heme protein inciting the
oxygen sensing pathway in HepG2 cells. However, as we hypoth-
esize, they hint to important members of this pathway revealing
three major complexes: (1.) heme proteins generating reactive
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Fig. 6. Change of intracellular 1J2O2 (percentage
of control) in response to treatment of HepG2
cells with cobalt (CoCl2, 100 pje/24 hr, N 144)
and desferroxamine (DFO, 130 p.M/24 hr, N =
48). The insert shows the reaction of
intracellular H202 levels in response to
different doses of N-acetyl cystein (NAC). N is
the number of wells investigated, and P is the
level of significance.
Fig. 7. Glutathione peroxidase activity measured on HepG2 spheroids er-
posed to hypoxia (2% 02/19 hr, N = 8, P = 0.02) and CoCI2 (50 p..st/19 hr,N 8, P = 0.05) in comparison to controls (19 hr, N = 8). N is the number
of experiments, each comprising about 150 spheroids. P is the level of
significance.
oxygen species and the scavenger glutathione peroxidase reactive
to hypoxia and cobalt; (2.) the Fenton reaction occurring at
iron-protein clusters possibly linked to transcription factors that
can be blocked by desferrioxamine; and (3.) the transcriptional
machinery for expression of the erythropoietin gene as described
[21.
Acknowledgments
This project was supported by the Dcutsche Forschungsgemeinschaft
(Ac35/9-i). The authors are grateful to Rentschler GmbH, Laupheim,
Germany for a grant to publish Figure 5 in color. We thank B. Balling, G.
Holtermann and W. Merten for technical assistance.
Reprint requests to Prof Dr. med. H. Acker, Max-Planck-lnstitut fOr
molekulare Physiologic, Rheinlanddamm 201, D-44139 Dortmund, Ger-
many.
E-mail: hclmut.acker@mpi-dortmund.mpg.de
References
1. JELKMANN W: Erythropoietin: Structure, control of production, and
function. Physiol Rev 72:449—489, 1992
2. GOLDI3PRG MA, SCHNEIDER TuJ: Similaritics between the oxygen
sensing mechanisms regulating the expression of vascular endothelial
growth factor and erythropoietin. J Biol Chem 269:4355—4359, 1994
3. GORLAcH A, HOLTERMANN G, JELLKMANN W, HANCOCK JT, JONES
SA, JONES OTG, ACKER H: Photometric characteristics of haem
proteins in erythropoietin producing hcpatoma cells (HepG2). Bio-
chem J 290:771—776, 1993
4. WALLING CH: Fenton's reagent revisited. Accounts Chem Res 8:125—
131, 1975
5. FANDREY J, FREDE S, JELKMANN W: Role of hydrogen-peroxide in
hypoxia-induced erythropoietin production. Biochem J 303:507—510,
1994
6. GASSMANN M, FANDREY J, BICHET S, WARTENBERG M, MARTI HH,
BAUER C, WENGER RH, ACKER H: Oxygen supply and oxygen-
dependent gene expression in differentiating embryonic stem cells.
PNAS 93:2867—2872, 1996
7. GROSSMANN U: Profiles of oxygen partial pressure and oxygen con-
sumption inside multicellullar spheroids, in Spheroids in Cancer
Research, edited by AcKER H, CARLSSON J, DURAND R, SUTHERI.AND
RM, Berlin, Heidelberg, New York, Tokyo, Springer Verlag, 1984, pp
150 —16 1
8. GROTE J, SUSSKIND R, VAUPEL P: Oxygen diffusivity in tumor tissue
CDS carcinosarcoma under temperature conditions within the range
of 20° — 40°C. Pfiugers Arch 372:37—42, 1977
9. KUMMER W, ACKER H: Immunohistochemical demonstration of 4
subunits of neutrophil NAD(P)H oxidase in type I cells of carotid
body. JAppl Physiol 78:1904—1909, 1995
10. MEIER B, RADEKE HH, SELLE S, YOUNES M, SIES H, RESCH K,
HABERMEHL GG: Human fibroblasts release reactive oxygen species
in response to interleukin-1 or tumour necrosis factor-a. Biochem J
263:539—545, 1989
11. ROYALL J, ISCHIROJ'OULOS H: Evaluation of 2',7'-dichlorofloorescin
and dihydrorhodamine 123 as fluorescent probes for intracellular
H202 in cultured endothelial cells. Arch Biochem Biophys 302:348—
355, 1993
12. VISSER TD, OUD JL, BRAKENHOFF GJ: Refractive index and distance
measurements in 3-D microscopy. Optik 90:17—19, 1992
13. KONZ KH: Die Aktivitht des Pcroxid-metabolisierenden Systems in
Human Leber. J Clin Chem Clin Biochem 17:353—357, 1979
14. LOWRY OH, ROsEB0R0UGII NJ, FARR AL, RANDALl. RJ: Protein
measurement with the folin phenol reagent. J Biol Chem 193:265—266,
1951
15. CHANCE B, LAGALLAIS V, SORGE J, GRAHAM N: A versatile time-
sharing multichannel spectrophotometer, reflectometer and floorom-
eter. Anal Biochem 66:498—514, 1975
16. HEINRICH U: Untersuchungen zur qoantitativen photometrischen
Analyse der Redox-Zustflnde der Atmungskette in vitro und in vivo
am Beispiel des Gehirns. Dissertation, Ruhr-Universitat Bochum,
1981
Ehleben et al: Oxygen sensing in HepG2 cells 491
17. TIIELEN M, DEWAI.D B, BAGGI0IINI M: Neutrophil signal transduction
and activation of the respiratory burst. Physiol Rev 73:797—821, 1993
18. BASTIAN NR, HIBBS JB JR: Assembly and regulation of NADPH
oxidase and nitricoxide synthase. CurrOpin Immunol 6:131—1 39, 1994
19. GORLACH A, FANDREY J, HOLTERMANN G, ACKER H: Effects of cobalt
on haem proteins of erythropoietin-producing HepG2 cells in multi-
cellular spheroid culture. FEBS Lett 348:216—218, 1994
20. DROU,E W, ECK H-P, MoIst S: HIV-induced cysteine deficiency and
T-cell dysfunction—A rationale for treatment with N-acetylcysteine.
Immunol Today 13:211—214, 1992
21. ROYER-POKORA B, KUNKI:L LM, MONAIO AP, GOFF SC, NEWBORGER
PE, BACHNER RI, COLE FS, CuRNtrvrE JT, ORKIN SH: cloning the
gene for an inherited human disorder—chronic granulomatous dis-
ease—on the basis of chromosomal location. Nature 322:32—38, 1986
22. NAKAMURA M, SENDO 5, VAN ZWIETEN R, KOGA T, Roos D,
KANEGASAK 5: Immunochemical discovery of the 22 to 23 kD subunit
of cytochrome h558 at the surface of human peripheral phagocytes.
Blood 72:1550—1552, 1988
23. JOHANSSON A, JesArns AJ, LUNDQtJIST H, MAGNUSSON KE, SJOIJN C,
KARLSSON A, DAHLGREN C: Different suhcellular localization of
cytochrome b and the dormant NADPH oxidase in neutrophils and
macrophages: Effect on the production of reactive oxygen species
during phagocytosis. Cell Immun 161:61—71, 1995
24. JEsAIrls AJ, BoKocH GM, TOLLEY JO, ALLEN RA: Lateral segrega-
tion of neutrophil chemotactic receptors into actin- and fodrin-rich
plasma membrane microdomains depleted in guanyl nucleotide reg-
ulatory proteins. J Cell Biol 107:921—928, 1988
25. QUINN MT, PARKOS CA, JESAITIS AJ: The lateral organization of
components of the membrane skeleton and superoxide generation in
the plasma membrane of stimulated human neutrophils. Biochim
Biophys Acta 987:83—94, 1989
26. JONES OTG, JONES SA, WooD JD: Expression of components of the
superoxide generating NAD(P)H oxidase by human leucoeytes and
other cells. Protoplasma 184:79—85, 1995
27. ACKER H: Mechanisms and meaning of cellular oxygen sensing in the
organism. Resp Physiol 95:1—10, 1994
28. ACKER H, XuE D: Mechanisms of oxygen sensing in the carotid body
in comparison to other oxygen sensing cells. NIPS 10:211—217, 1995
29. WENGER RH, MARTI HH, SCHUERERMALY CC, KVIETIKOVA I, BAUER
C, GASSMANN M, MALY FE: Hypoxie induction of gene expression in
chronic granulomatous disease derived b-cell lines—Oxygen sensing is
independent of the cytoehrome b55 containing nicotinamide adenine-
dinucleotide phophate oxidase. Blood 87:756—761, 1996
30. SArRIAN0 JA, SIRJLDINER M, HORA K, XING Y, SHAN Z, SCHLON-
DOREF D: Oxygen radicals as second messengers for expression of the
monocyte chemoattractant proetin, JE/MCP-1, and the monocyte
colony-stimulating factor, CSF-1, inresponse to tumor necrosis fac-
tor-a and immunoglobulin G. Evidence for involvement of reduced
nicotinamide adenine dinucleotide phophate (NADPH)-dependent
oxidasc. J Clin Invest 92:1564—1571, 1993
31. HATORI N, PEHRSSON 5K, CLYNE N, HANSSON G, HOFMANN-BANG C,
MARKLUND SL, RYDEN L, SJOQVIST P0, SVENSSON L: Acute cobalt
exposure and oxygen radical scavengers in the rat myocardium. BBA
1181:257—260, 1993
32. REDDY AK, KIMBALL RE, OMAYE ST: Selected pulmonary biochem-
ical and hematological changes produced by prolonged hypoxia in the
rat. Exp Mol Pathol 45:336—342, 1986
33. COWAN DB, WEISEL RD, WILLIAMS WG, MICKLE DAG: Identification
of oxygen responsive elements in the 5'fianking region of the human
glutathione peroxidase gene. J Biol Chem 268:26904—26910, 1993
34. Powts G, BRIEHL M, OBLONG J: Redox signalling and the control of
cell growth and death. Pharmac Ther 68:149—173, 1995
35. KHAN AU, WILSON TH: Reactive oxygen species as cellular messen-
gers. Chem Biol 2:437—445, 1995
36. DUEtIEN MR, BIscOF TJ: Relative mitochondrial membrane potential
and (CaS*) in type I cells isolated from the rabbit carotid body.
J Physiol 450:33—61, 1992
37. EMAUS RK, GRUNWALD R, LEMASTERS JL: Rhodamine 123 as a probe
of transmembrane potential in isolated rat-liver mitochondria: Spec-
tral and metabolic properties. Biochim Biophys Acta 850:436—448,
1986
38. HAILE DJ, ROUAULT TA, HARFORD JB, KENNEDY MC, BLONDINI GA,
BEINERT H, KLAUSNER RD: Cellular regulation of the iron-responsive
element binding protein: Disassembly of the cubane iron-sulfur
cluster results in high-affinity RNA binding. PNAS 89:11735—11739,
1992
